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Mesoscopic quantum coherence in antiferromagnetic molecular clusters
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From inelastic neutron scattering experiments, we demonstrate quantum tunneling of the Ne´el
vector in the antiferromagnetic molecular ferric wheel CsFe8. Analysis of the linewidth of the
tunneling transition evidences coherent tunneling.
PACS numbers: 33.15.Kr, 71.70.-d, 75.10.Jm
The theoretical consideration of mesoscopic quantum
coherence (MQC) in small antiferromagnetic (AF) par-
ticles a decade ago, and the prediction that it should
be more robust than in ferromagnetic particles [1], has
stimulated intense efforts in this direction. Subsequent
experimental studies on ferritin clusters remained con-
troversial [2, 3]. Several years ago it was suggested
that AF molecular wheels, i.e., molecules in which
an even number of magnetic metal centers are ar-
ranged in a ring, may exhibit MQC as coherent tun-
neling of the Ne´el vector [4, 5]. By means of in-
elastic neutron scattering (INS) experiments, we now
demonstrate this MQC effect in the AF molecular wheel
[CsFe8L8]Cl·2CHCl3·0.5CH2Cl2·0.75L·2.5H2O with L =
N(CH2CH2O)3, or CsFe8 in short. Our finding repre-
sents the first clear demonstration of MQC in an AF
cluster, ending a decade long hunt to observe such phe-
nomena.
In the CsFe8 molecule [6], eight Fe(III) ions form a
regular octagon with the Cs ion located in the center of
the ring [see Fig. 1(a)]. The magnetic properties of AF
molecular wheels, including CsFe8, are well described by
the spin Hamiltonian [7, 8, 9]
Hˆ = J
(
N−1∑
i=1
Sˆi · Sˆi+1 + SˆN · Sˆ1
)
− kz
N∑
i=1
Sˆ2i,z (1)
with isotropic nearest-neighbor exchange interactions,
characterized by the coupling constant J > 0, and an
uniaxial magnetic anisotropy, of the easy-axis type, de-
scribed by an on-site anisotropy with kz > 0 [10, 11]
(N = 8 is the number of spin centers, Sˆi is the spin oper-
ator of the ith ion with spin s = 5/2 for Fe(III), and z is
the uniaxial anisotropy axis perpendicular to the plane
of the wheel).
It is useful to consider first the scenarios described
by Hˆ as a function of the parameter kz/J . The cal-
culated energy spectrum is shown in Fig. 1(c) [12]. For
the isotropic case, kz/J = 0, the eigenstates may be clas-
sified by the total spin quantum numbers S and M . In
the ground state, all the single-ion spins are aligned an-
tiferromagnetically and the total net magnetic moment
is fully compensated, corresponding to S = 0. The ori-
entation of this AF spin configuration in space is not
fixed and allows for a coherent rotation of all the spins,
which can be equivalently described by the motion of the
Ne´el vector n = (MA − MB)/(2M0) (M0 = µBNs is
the length of the sublattice magnetization vectors MA
or MB, respectively; µB is the Bohr magneton). Quan- 
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FIG. 1: (a) Crystal structure of CsFe8 (Fe: red, O: blue, N:
green, C: yellow, Cs: orange, H atoms are omitted). (b) Clas-
sical ground-state spin configuration for the two orientations
of the Ne´el vector (dark green arrows) with n = ±z. (c) Low-
lying energy spectrum of Hˆ in units of J for an octanuclear
s = 5/2 wheel as function of kz/J . At small anisotropies, the
levels can be classified by the spin quantum numbers S and
M . For large anisotropies, S loses its significance (M remains
an exact quantum number), and the region of Ne´el-vector tun-
neling is entered (transition from blue to green shading). The
red, green, and black arrows indicate transitions I, II and α;
blue arrows the energy gaps ∆01, ∆12.
2tum mechanically, this rotational degree of freedom cor-
responds to that of a rigid rotator, and the eigenstates
above the ground state thus belong to S = 1, 2, . . . [13].
In the presence of anisotropy the spin multiplets split,
and for large values of kz/J > 0, the |S,M〉 functions
become mixed so strongly that S loses its significance.
This is accompanied by a drastic change in the dynamics
of the Ne´el vector [4, 5]. The easy-axis anisotropy acts as
an energy barrier favoring an alignment of the Ne´el vec-
tor along the z axis. Accordingly, for increasing values of
kz/J the energy barrier eventually overcomes the quan-
tum mechanical zero-point motion, and the Ne´el vector
becomes localized in the ±z directions. Classically, the
system is then in either of the two degenerate states with
n = ±z, Fig. 1(b). Quantum mechanically, however, tun-
neling between the quantum analogs of these two states,
| ↑〉 and | ↓〉, results in the eigenstates | ↑〉 + | ↓〉 and
| ↑〉 − | ↓〉, which are separated in energy by the tunnel-
ing gap ∆ [see also Fig. 2(b)]. In the energy spectrum,
Fig. 1(c), these tunneling states correspond to the two
lowest levels at large values of kz/J , where their energy
separation ∆01 becomes smaller than the splitting of the
S = 1 multiplet, ∆12. Qualitatively, the Ne´el vector tun-
neling (NVT) regime is thus entered when ∆12 & ∆01. In
a semi-classical analysis, which is the natural and accu-
rate starting point to describe NVT in molecular wheels
[4, 5, 14], NVT is realized for kz/J > 4(Ns)
−2 or equiv-
alently S0/~ > 4, with the tunneling action given by
S0/~ = NS
√
2kz/J [15]. NVT may be demonstrated ex-
perimentally by simultaneously observing the transitions
from the ground state to the first and second excited
levels [transitions I and II in Fig. 1(c)], giving ∆01 and
∆12, respectively, or via Fig. 1(c), J and kz. This allows
the important consistency check whether the condition
for NVT is indeed met. In the tunneling regime, ∆01
corresponds to the tunneling gap ∆.
The CsFe8 material was prepared by the same pro-
cedure as in Ref. 6, but crystallized from a 1:1 mix-
ture of CHCl3 and CH2Cl2 by pentane vapor diffusion.
The compound crystallizes in the monoclinic space group
Pna21, and the molecules exhibit approximate C4 sym-
metry with Fe-Fe distances of 3.142 - 3.164 A˚, Fig. 1(a).
The INS spectrum of CsFe8 was measured with the time-
of-flight spectrometer IN5 at the Institute Laue-Langevin
(ILL), Grenoble, France. 4 g of a non-deuterated pow-
der sample was sealed under a helium atmosphere in
a double-walled hollow Al cylinder (50 mm in height,
16 mm external diameter, and 2 mm thickness) and in-
serted in a standard ILL orange 4He cryostat. INS spec-
tra were recorded at temperatures between 2.2 K and
9.7 K for incident neutron wavelengths of λ = 5.0 A˚ and
8.0 A˚ (energy resolution at the elastic peak were 121 µeV
and 22 µeV, respectively). The data were corrected for
detector efficiency using a vanadium standard; no further
corrections were applied.
Figure 2(a) shows the INS spectra obtained at a tem-
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FIG. 2: (a) Neutron energy-loss spectrum of CsFe8 at T =
2.4 K (λ = 5.0 A˚). Data were summed over all detector banks.
As discussed in the text, transition I corresponds to NVT
with tunneling gap ∆. (b) Sketch of the energy diagram for
NVT in CsFe8. The numbers correspond to energies in meV;
the values for the ground state energy and barrier height are
relative to the bottom of the double-well potential.
perature of T = 2.4 K with λ = 5.0 A˚. The high
quality of the data, which is outstanding for a non-
deuterated molecular spin cluster, should be noted. Two
cold peaks with slight asymmetry are visible at energy
transfers of 0.51(1) meV and 1.31(1) meV. Their mag-
netic origin is unambiguously confirmed by their depen-
dence on temperature and momentum transfer Q. The
two peaks clearly correspond to transitions I and II in
Fig. 1(c), respectively, demonstrating that for CsFe8 ∆01
= 0.51(1) meV and ∆12 = 0.80(1) meV, from which J
= 1.78(4) meV and kz = 0.048(1) meV are determined.
These values are in excellent agreement with those in-
ferred from high-field torque and magnetic susceptibility
measurements [9]. NVT in CsFe8 is immediately sug-
gested by ∆12 & ∆01, and unambiguously confirmed by
S0/~ = 4.6 > 4. The semi-classical analysis of NVT
draws an intuitive picture [4, 5]. The height of the en-
ergy barrier is given by Ns2kz = 2.40 meV, and the
ground-state energy by ~ω0 = s
√
8Jkz = 2.07 meV [5].
For the tunneling gap ∆, no analytical result is avail-
able. However, numerical calculations using Hˆ indicate
that 16~ω0
√
S0/(2pi~) exp(−S0/~) is a good approxima-
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FIG. 3: Neutron energy-loss spectrum of CsFe8 at T = 2.2 K
and 9.7 K (λ = 8.0 A˚), showing peak I with high resolution.
The peak shape is independent of temperature with a FWHM
as indicated.
tion [16], yielding ∆ ≈ 0.3 meV. In view of the involved
approximations and their exponential effect, this is in
excellent agreement with the experimental finding ∆ =
0.51 meV. In summary, the energetic situation is as de-
picted in Fig. 2(b), and sub-barrier tunneling is clearly
realized in CsFe8.
The homogeneous linewidth of the tunneling transi-
tion, peak I, provides an estimate for the decoherence
time τφ [17]. Peak I was studied with high resolution at
T = 2.2 K and 9.7 K using λ = 8.0 A˚, see Fig. 3. The
full width at half-maximum (FWHM) is about 120 µeV,
with some temperature independent asymmetry in the
peak shape which is evidence for considerable inhomoge-
neous broadening [18]. A homogeneous width of 120 µeV
would correspond to a decoherence time τφ = 11 ps. The
intrinsic linewidth of transition I is obscured by the inho-
mogeneous broadening, indicating a longer decoherence
time, i.e., τφ > 11 ps. The quantity τφ∆/~ is an impor-
tant figure of merit for the operation of quantum devices
as it measures the number of coherent oscillations before
decoherence sets in. With the above estimate for τφ and
∆/~ = 775 GHz, one obtains τφ∆/~ > 8.5 for CsFe8.
Accordingly, the Ne´el vector tunnels back and forth at
least eight times before the oscillation decoheres. MQC
in CsFe8 is evident.
Further details of the INS measurements are notewor-
thy. The Q dependence of the intensity of peak I was
extracted from the λ = 5.0 A˚, T = 2.4 K data by fit-
ting a Gaussian with sloping background to the data of
each detector bank. The result is displayed in Fig. 4(a).
The Q dependence probes directly the spatial symmetry
properties of the involved wave functions [19]. The cyclic
symmetry of the molecular wheels implies a shift operator
Tˆ , which moves spins by one position from i to i+1. This
produces a shift quantum number q via Tˆ |q〉 = eiq|q〉, by
which the eigenstates can be classified (q = 2pin/N with
n = 0, . . . , N − 1) [20]. The special values q = 0 and
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FIG. 4: (a) Dependence of the intensity of peak I on mo-
mentum transfer Q. The solid line represents the theoretical
curve for a ∆q = pi transition. The analytical result was
scaled, and a constant background accounting for the inco-
herent scattering in non-deuterated samples was added. (b)
Neutron scattering intensity of CsFe8 at T = 9.7 K (λ =
5.0 A˚).
q = pi correspond to states which are even and odd un-
der inversion, respectively. For molecular wheels, the Q
dependence can be calculated analytically and is found to
depend only on the difference in the shift quantum num-
bers, ∆q = |q− q′|. The intensity of a ∆q = pi transition
is obtained as I∆q=pi ∝ f004(Q)+f204(Q), with the interfer-
ence terms f004 and f
2
04 given by eq. (16) of Ref. 19. The
observed Q dependence is in good agreement with the
theoretical expectation, proving that peak I corresponds
to a transition between states with even and odd parity,
exactly as is expected for a transition between the two
tunneling states | ↑〉+ | ↓〉 and | ↑〉 − | ↓〉.
INS spectra were also recorded at T = 9.7 K [Fig. 4(b)].
Peaks I and II, as well as their counterparts on the neu-
tron energy-gain side, I’ and II’, are clearly observed.
The first excited level has significant thermal popula-
tion at this temperature, and a transition from the first
to the second excited level (transition α) is expected at
0.80 meV on the loss side. Remarkably, this transition is
not observed in the experiment. This can be related to
sublattice magnetizations of mesoscopic length in CsFe8.
In a simplifying argument, the relative intensities of the
4transitions are essentially governed by the squares of the
Wigner-9j symbols
W (SA, SB, S, S
′) ≡


SA SB S
SA SB S
′
0 1 1

 ,
where SA = SB = Ns/2 denote the total spin on each
AF sublattice (S = 0, S′ = 1 for transitions I and
II, S = S′ = 1 for transition α) [21]. For a micro-
scopic system such as a dimer of s = 1 ions where
SA = SB = 1 and W
2(1, 1, 1, 1)/W 2(1, 1, 0, 1) = 1/4,
the three transitions are of comparable intensity. For
CsFe8, in contrast, with its mesoscopic sublattice mag-
netization M0 = 20µB, corresponding to SA = SB = 10
and W 2(10, 10, 1, 1)/W 2(10, 10, 0, 1) = 1/220, transition
α is two orders of magnitude weaker than transitions I
and II. The observed weak intensity of transition α in
CsFe8 is thus a direct experimental signature for the tun-
neling of a mesoscopic variable.
Our findings conclusively demonstrate coherent NVT
in CsFe8, providing access to entangled quantum super-
positions of the mesoscopic states | ↑〉 = |M0,−M0〉
and | ↓〉 = | − M0,M0〉. For a Mn4 dimer and a Ni4
molecule, decoherence times of τφ & 1 ns were inferred
recently [22, 23]. As AF particles with compensated mag-
netization, such as CsFe8, are expected to couple less
strongly to the environment [1], the actual decoherence
times in such particles might be much longer. For CsFe8
this implies τφ ≫ 1 ns, or τφ∆/~ ≫ 103, respectively.
The threshold of τφ∆/~ > 10
4 for potential applications
seems thus reachable, identifying AF molecular wheels
as promising prototypes for realizing AF cluster qubits
[24]. Since the original suggestion of MQC in AF molec-
ular wheels [4, 5], a large number of different wheels
have been synthesized and magnetically characterized;
yet only CsFe8 exhibits a kz/J ratio large enough for
NVT to occur in zero magnetic field. The synthesis of
further molecular wheels exhibiting NVT remains a chal-
lenge, but is highly desirable.
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